surface is low (7), so that strain fields introduced by unpaired DBs may not be effectively screened.
. A preliminary analysis of hopping rates to determine the relative energies of paired and unpaired configurations indicated that the predissociated configuration is stabilized compared with that of unpaired DBs, although not to the extent of paired DBs. 17 Use of amphiphilic triblock copolymers to direct the organization of polymerizing silica species has resulted in the preparation of well-ordered hexagonal mesoporous silica structures (SBA-15) with uniform pore sizes up to approximately 300 angstroms. The SBA-15 materials are synthesized in acidic media to produce highly ordered, twodimensional hexagonal (space group p6mm) silica-block copolymer mesophases. Calcination at 500°C gives porous structures with unusually large interlattice d spacings of 74.5 to 320 angstroms between the (100) planes, pore sizes from 46 to 300 angstroms, pore volume fractions up to 0.85, and silica wall thicknesses of 31 to 64 angstroms. SBA-15 can be readily prepared over a wide range of uniform pore sizes and pore wall thicknesses at low temperature (35°to 80°C), using a variety of poly(alkylene oxide) triblock copolymers and by the addition of cosolvent organic molecules. The block copolymer species can be recovered for reuse by solvent extraction with ethanol or removed by heating at 140°C for 3 hours, in both cases, yielding a product that is thermally stable in boiling water.
Large pore-size molecular sieves are much in demand for reactions or separations involving large molecules (1, 2) . Since mesoporous molecular sieves such as hexagonally ordered MCM-41 were discovered by Mobil Corporation scientists in 1992 (3, 4) , surfactant-templated synthetic procedures have been extended to include a wide range of compositions, and a variety of conditions have been developed for exploiting the structure-directing functions of electrostatic, hydrogen-bonding, and van der Waals interactions associated with amphiphilic molecules (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Typically, these materials are synthesized under conditions where silica-surfactant self-assembly (16) occurs simultaneously with condensation of the inorganic species, yielding mesoscopically ordered composites. For example, MCM-41 materials prepared with cationic cetyltrimethylammonium (CTA ϩ ) surfactants commonly have d(100) spacings of about 40 Å, which after calcination yield a hexagonally ordered porous solid with uniform pore sizes of 20 to 30 Å (5-9, 12). Cosolvent organic molecules, such as 1,3,5-trimethylbenzene (TMB) used to expand the pore size of MCM-41 up to 100 Å (3, 4) , unfortunately yield materials with less-resolved x-ray diffraction (XRD) patterns, particularly near the high end of this size range, for which a single broad diffraction peak is often observed (9) . Extended thermal treatment during synthesis gives expanded pore sizes up to ϳ50 Å (17). We have used postsynthesis treatment, by subsequently heating the product obtained from an alkaline S ϩ I -synthesis at room temperature in distilled water at pH ϭ 7, to obtain pore sizes as large as ϳ60 Å (9) without the need for organic swelling agents. Using CTA ϩ surfactant species in an L 3 sponge phase, McGrath et al. (18) created siliceous solids with large, uniform, but disordered pore assemblies. Pinnavaia and co-workers (11) used nonionic surfactants in neutral aqueous media to synthesize worm-like disordered mesoporous silica with uniform pore sizes of 20 to 58 Å. To increase the dimensions of pore structures produced in such inorganic-organic com-posite syntheses, we anticipated that the use of amphiphilic polymers of larger molecular weight would extend the mesoscopic-length scales achievable.
We report the syntheses of well-ordered hexagonal mesoporous silica structures (SBA-15) with tunable large uniform pore sizes (up to ϳ300 Å) which are obtained by use of amphiphilic block copolymers (15, 19) as organic structure-directing agents. In particular, poly(alkylene oxide) triblock copolymers such as poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) are good candidates, because of their mesostructural ordering properties, amphiphilic character, low-cost commercial availability, and biodegradability. Using aqueous acidic conditions (pH Ϸ 1) and dilute triblock copolymer concentrations, SBA-15 has been synthesized with a highly ordered (four-to seven-peak XRD pattern) two-dimensional (2D) hexagonal (p6mm) mesostructure and thick uniform silica walls (31 to 64 Å). The thick silica walls, in particular, are different from thinner walled MCM-41 structures made with conventional cationic surfactants and lead to greater hydrothermal stability on the part of SBA-15. The pore size and the thickness of the silica wall can be adjusted by varying the heating temperature (35°to 140°C) and time (11 to 72 hours) of SBA-15 in the reaction solution.
SBA-15 can be synthesized over a range of reaction mixture compositions and conditions. Use of concentrations of block copolymer higher than 6 weight % yields only silica gel or produces no precipitation of silica, whereas concentrations of copolymer below 0.5 weight % result in only amorphous silica. Preparation of SBA-15 has been achieved with reaction temperatures between 35°and 80°C. At room temperature, only amorphous silica powder or poorly ordered products are obtained, whereas higher temperatures (Ͼ80°C) yield silica gel. Tetraethoxysilane (TEOS), tetramethoxysilane (TMOS), and tetrapropoxysilane (TPOS) are suitable sources of silica for the preparation of SBA-15. Hexagonal mesoporous SBA-15 has been formed in acid media (pH Ͻ 1) with HCl, HBr, HI, HNO 3 , H 2 SO 4 , or H 3 PO 4 acids. At pH values from 2 to 6, above the isoelectric point of silica (pH ϳ 2), no precipitation or formation of silica gel occurs. At neutral pH ϳ 7, only disordered or amorphous silica is obtained (11, 15) .
SBA-15 samples with d(100) spacings in the range 74.5 to 118 Å and pore sizes between 46 and 100 Å have been synthesized by using PEO-PPO-PEO triblock copolymers with different ratios of ethylene oxide (EO) and propylene oxide (PO) compositions with and without addition of TMB as a swelling agent. For the triblock architectures used, the EO:PO ratio affects the formation of SBA-15, with a lower ratio favoring a p6mm hexagonal morphology. For example, use of Pluronic L121 (EO 5 PO 70 EO 5 ) (20) at low concentrations (0.5 to 1 weight %) in the absence of cosolvent species leads to hexagonal SBA-15, whereas higher concentrations (2 to 5 weight %) yield an unstable lamellar mesostructured product. Higher EO:PO ratios in the block copolymer, such as EO 106 PO 70 EO 106 , EO 100 PO 39 EO 100 , or EO 80 PO 30 EO 80 , produce cubic mesoporous silica (13, 21) . Hexagonal mesoporous silica SBA-15 can also be synthesized by using reversed PPO-PEO-PPO architectures, for example PO 19 EO 33 PO 19 . Table 1 summarizes the physicochemical properties of mesoporous silica prepared by using poly(alkylene oxide) triblock and reverse triblock copolymers.
The small-angle XRD pattern for assynthesized mesoporous silica (SBA-15) prepared with EO 20 PO 70 EO 20 shows four well-resolved peaks (Fig. 1A ) that are indexable as (100), (110), (200), and (210) reflections associated with p6mm hexagonal symmetry. Three additional weak peaks in the 2 range of 1°to 3.5°correspond to the (300), (220), and (310) scattering reflections (3, 4, 9) , indicating that as-synthesized SBA-15 has a high degree of hexagonal mesoscopic organization. The intense (100) peak reflects a d spacing of 104 Å, corresponding to a large unit-cell parameter (a 0 ϭ 120 Å) (9) . After calcination in air at 500°C for 6 hours, the XRD pattern (Fig.  1B) shows that the p6mm morphology is preserved, although the peaks appear at slightly larger 2 values, with d(100) ϭ 95.7 Å and a 0 ϭ 110 Å. Six XRD peaks are still observed, confirming that hexagonal SBA-15 is thermally stable. A similarly high degree of mesoscopic order (four p6mm XRD peaks) is observed for hexagonal SBA-15 even after calcination to 850°C.
Scanning electron microscopy (SEM) images (Fig. 2) reveal that the as-synthesized SBA-15 sample of Fig. 1 consists of many rope-like domains with relatively uniform sizes of ϳ1 m, which are aggregated into wheat-like macrostructures. After calcination in air at 500°C, SBA-15 shows a similar particle morphology, which reflects the thermal stability of the macroscopic structure. Transmission electron microscopy (TEM) images (Fig. 3 ) of calcined SBA-15 [including different sample orientations (22) ] show well-ordered hexagonal arrays of mesopores (1D channels) and further confirm that SBA-15 has a 2D p6mm hexagonal structure (3, 4, 9) . From high-dark contrast in the TEM image of this sample (Fig.  3B) , the distance between mesopores is estimated to be ϳ110 Å, in agreement with that determined from the XRD data.
A calcined SBA-15 sample prepared (Fig. 4) are evident: (i) monolayermultilayer adsorption, (ii) capillary condensation, and (iii) multilayer adsorption on the outer particle surfaces. In contrast to N 2 adsorption results (23, 24) for MCM-41 mesoporous silica with pore sizes ϳ40 Å, a clear type-H1 hysteresis loop (23) is observed, and the capillary condensation occurs at a higher relative pressure (P/P 0 ϳ 0.75). The approximate pore size calculated using the Barrett-Joyner-Halenda analysis (23, 24) is significantly smaller than the repeat distance determined by XRD, using the Halsey equation for multilayer thickness, because the latter includes the thickness of the pore wall. The thickness of the pore wall is estimated to be ϳ31 Å (Table 1) for SBA-15 prepared with EO 20 PO 70 EO 20 .
Heating as-synthesized SBA-15 in the reaction solution at different temperatures (80°to 140°C) and for different lengths of time (11 to 72 hours) resulted in a series of structures with systematically different uniform pore sizes (47 to 89 Å) and different silica wall thicknesses (31 to 64 Å) ( Table  1 and Fig. 3, A and B) (25) . These wall structures are substantially thicker than those typical for MCM-41 (commonly 10 to 15 Å) prepared with alkylammonium cationic surfactant species as structure-directing agents (3, 4, 12) . Higher temperatures or longer reaction times result in larger pore sizes and thinner silica walls, which may be caused by protonation or temperature-dependent hydrophilicity of the PEO block of the copolymer under the acidic synthesis conditions (13, 26) , or a combination of both. Resulting PEO moieties are expected to interact more strongly with the silica species and thus be more closely associated with the inorganic wall than the more hydrophobic PPO block. However, at higher temperatures, the PEO blocks become more hydrophobic (26) , resulting in increased hydrophobic domain volumes, smaller lengths of PEO segments associated with the silica wall (see below), and increased pore sizes.
The pore size of hexagonal mesoporous SBA-15 can be increased to more than 300 Å by increasing the hydrophobic volume of the self-assembled aggregates. This can be achieved by changing the copolymer composition or block sizes, or by adding cosolvent organic molecules such as TMB. (4, 6) . The intense (100) peak reflects a d spacing of 270 Å, corresponding to a unit cell parameter a 0 of 310 Å. After calcination in air at 500°C for 6 hours, the XRD pattern (Fig. 5, curve B) displays slightly improved resolution, with a broad (210) reflection at a d spacing of 100 Å. In spite of such large lattice dimensions, hexagonal SBA-15 is thermally stable and mesoscopically well ordered: the calcined product has a BET surface area of 910 m 2 /g, an average pore size of 260 Å, a pore volume of 2.2 cm 3 /g, and TEM images show a highly ordered material Table 1 . Preparation and physicochemical properties of hexagonal SBA-15 prepared with poly(alkylene oxide) triblock copolymers. The value inside brackets for d(100) is the value for the SBA-15 product calcined at 500°C for 6 hours. Pore size distributions, pore volumes, and BET isotherms were determined from N 2 adsorption-desorption experiments. The wall thicknesses were calculated as: a 0 -pore size (a 0 ϭ 2 ϫ d(100)/ ͌ 3). with hexagonal symmetry and large pore sizes (Fig. 3D ). This adjustment of the pore size of SBA-15 can be made essentially continuously by systematically varying the relative concentrations of swelling agent and copolymer or cationic surfactant species used in the respective reaction mixtures. Figure 6 shows the increases that occur in the XRD d(100) spacings and the subsequent mean pore sizes as functions of the TMB:EO 20 PO 70 EO 20 mass ratio (ranging from 0 to 2) for SBA-15. Although the d(100) spacing and pore size of MCM-41 prepared by using cationic surfactant can be expanded to 100 Å (4) by addition of TMB, the increase is much less than for SBA-15 (Fig. 6) . Furthermore, the XRD patterns for MCM-41 materials with such expanded channel dimensions tend to consist of single low-angle peaks (4, 9) , which reflect relatively poor mesoscopic ordering compared to that of SBA-15 (Fig.  5A) . When the pore size of SBA-15 is expanded by using TMB as a cosolvent under otherwise identical conditions, the wall thickness remains unchanged, as does the hydrothermal stability of the resultant mesoporous product. Even for structures with pore sizes up to 300 Å, the materials retain their periodic structure after hydrothermal treatment.
The 31-to 64-Å-thick silica walls of SBA-15 impart significantly greater hydrothermal stability to calcined SBA-15 in comparison to calcined MCM-41 materials prepared without additional treatment with TEOS (27, 28) . Calcined MCM-41, prepared by using C 16 H 33 N(CH 3 ) 3 Br as previously described (9), shows a well-resolved hexagonal XRD pattern (Fig. 7A ), but after heating in boiling water for 6 hours, the material becomes amorphous and loses all XRD scattering reflections (Fig. 7B) . In contrast to this, all of the calcined SBA-15 samples prepared with the triblock PEO-PPO-PEO copolymers are stable after heating in boiling water for 24 hours under otherwise identical conditions. The XRD pattern of calcined SBA-15 prepared with EO 20 PO 70 EO 20 at 35°C (Fig. 1B) is essentially unchanged from that obtained after the sample has been heated in boiling water for 24 hours (Fig. 7C) . All scattering reflections are retained after this relatively severe hydrothermal treatment, although the (210) reflection becomes broader and the (300), (220), and (310) peaks become weaker. The (100) peak, however, is observed with similar intensity (Fig. 7C) . BET measurements carried out after such hydrothermal treatment show that the monodispersity of the pore size, the high surface area, and the high pore volume are retained (29) . By providing larger pores and more stable walls, the SBA-15 synthesis procedure is an improvement over two-step postsynthesis treatments that use TEOS to stabilize mesoporous MCM-41 by reinforcing the inorganic wall with additional silica (4, 28) .
The 29 Si magic-angle spinning nuclear magnetic resonance spectrum (30) of assynthesized hexagonal SBA-15 shows three broad peaks at 92, 99, and 109 ppm. These peaks correspond to Q 2 , Q 3 , and Q 4 silica species, respectively, which are associated with progressively increased silica crosslinking. From the relative peak areas, the ratios of these species are established to be Q 2 : Q 3 : Q 4 ϭ 0.07 : 0.78 : 1. These results indicate that compared to MCM-41, SBA-15 has a somewhat less condensed, but similarly locally disordered, silica framework (7) .
Thermal gravimetric and differential thermal analyses (TGA and DTA) in air of SBA-15 prepared with EO 20 PO 70 EO 20 show total weight losses of 58 weight %. At 80°C, TGA registers a 12 weight % loss accompanied by an endothermic DTA peak because of desorption of water (7, 12) . This is followed by a 46 weight % TGA loss at 145°C, which coincides with an exothermic DTA peak associated with decomposition of the organic block copolymer (7, 12, 31) .
The temperature (ϳ145°C) at which the block copolymer species are decomposed and desorbed from the SBA-15 channels is much lower than the decomposition temperature of pure EO 20 PO 70 EO 20 (Fig. 1, A and B) for the as-synthesized and calcined SBA-15 products.
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www.sciencemag.org ⅐ SCIENCE ⅐ VOL. 279 ⅐ 23 JANUARY 1998 (ϳ250°C). It is also much lower than the temperature required (ϳ360°C) to remove lower-molecular-weight cationic surfactant molecules from the channels of as-synthesized MCM-41 (7, 12) . For comparison, the TGA of EO 20 PO 70 EO 20 impregnated in SiO 2 gel shows that the copolymer is not removed until 190°C; the origin of the low decomposition temperature for poly(alkylene oxide) species in SBA-15 is currently under investigation. Alternatively, solvent extraction of as-synthesized SBA-15 using ethanol at 78°C allows the organic copolymer to be completely removed without decomposition, permitting its recovery and reuse. We have used such recycled copolymer species to synthesize high-quality hexagonal SBA-15 with characteristics and properties that are essentially identical to those presented above.
The structure-directed assembly of mesoscopically ordered silica by dilute poly (alkylene oxide) triblock copolymers in acid media likely occurs by a pathway that involves a combination of electrostatic and hydrogen-bonding interactions. Under acidic conditions, the PPO block is expected to display more hydrophobicity than the PEO block upon heating to 35°t o 80°C (26) , thereby increasing the tendency for mesoscopic ordering to occur. At pH Ϸ 1, positively charged protonated silicate species interact preferentially with the more hydrophilic PEO block or blocks to promote cooperative self-assembly of a silica-block-polymer-rich mesophase from a dilute water-rich phase (6, 8, 13 ). Concurrent and further condensation of the silica species in the presence of the block copolymer surfactant species results in the formation of the mesophase silica composite (6, 8, 9) . The absence of sufficiently strong electrostatic or hydrogen-bonding interactions at pH values 2 to 7 leads to the formation of amorphous or otherwise disordered silica (11, 15) . The use of amphiphilic block copolymers with higher molecular weights can be expected to yield materials with still larger pores than observed here, with potentially thicker walls and correspondingly enhanced hydrothermal stabilities.
In general, the silica poly(alkylene oxide) block copolymer systems described here represent a special case of a more general category of materials in which kinetically quenched structures are produced by using the self-assembly characteristics of block copolymers. Unlike conventional surfactants, block copolymers have the advantage that their properties can be nearly continuously tuned during synthesis by adjusting composition, molecular weight, or architecture. Moreover, they permit solution organization of larger-scale features than is possible with simple surfactants and achieve this at lower concentrations. For example, we have also prepared monoliths and highly ordered, oriented, continuous mesoporous silica thin films (pore size up to ϳ90 Å) on various substrates, by dip-coating using the block copolymers in organic solvents.
Other examples are found in purely organic systems, in which heterogeneous, nanoscale structures have been controllably produced and stabilized in block copolymer composites containing polymerizable additives. Hillmyer et al. have recently demonstrated this by selectively incorporating and cross-linking a thermosetting epoxy resin in the PEO domains of a poly-(ethylene oxide)-poly(ethyl ethylene) (PEO-PEE) diblock copolymer (32) . Novel morphologies can be produced by exploiting kinetically hindered microphase separations in such systems. Moreover, recent theoretical progress on the phase behavior of block copolymer/homopolymer blends is approaching a comprehensive understanding of the existence and sequence of mesoscopic morphologies obtained in these materials (33) . The overall strategy is thus applicable not only to composites containing hydrophilic-hydrophobic copolymers, such as the silicapoly(alkylene oxide) system discussed above, but more generally to any selfassembling surfactant or copolymer system in which a network-forming additive is selectively partitioned among components. An enormous variety of nanophaseseparated composite materials can be envisioned in which variations in the choice of blocks, copolymer compositions, or chain architecture are used to tune selfassembly, while processing variables such as temperature, pH, and external fields (34) , are manipulated to regulate fixation of the one or more resultant structures.
